Abstract. Based on the fact that the inductors and capacitors are fractional order in nature, the four-order mathematical model of the fractional order quadratic Boost converter in PCCM is established by using the Caputo fractional calculus theory. According to the Lyapunov-like theorem of the fractional order system, a non-linear controller is designed. On the basis of the improved Oustaloup approximation algorithm and the equivalent circuit models of the fractional order inductor and capacitor, the influence of the orders on the performance of the quadratic Boost converter in PCCM and the efficiency of the proposed controller are demonstrated by numerical and circuit simulation.
Introduction
In recent years, researches on the fractional order systems have been receiving increasing attention and many excellent results have been obtained [1] [2] [3] . Integral calculus is just a special case of fractional calculus. New researches indicate that many real objects are intrinsic fractional order, such as real capacitors and inductors [1] . Jesus et. al [2] demonstrated that fractional order capacitors with different orders can be developed by choosing different fractal structures. Tenreiro Machado et. al [3] showed that fractional order inductors with different orders can be obtained based on skin effect. Therefore, the real inductors and capacitors should be modeled by using fractional calulus to describe their real electrical characteristics.
As the quadratic Boost converter has a wider input voltage range with the same duty ratio than the conventional Boost converter, it has been widely used in renewable energy field. The quadratic Boost converter operates in continuous conduction mode-continuous conduction mode, its control-to-output transfer function has right-half-plane zero that limits bandwidth under closed-loop conditions, resulting in slow response. In order to improve the dynamic performance of quadratic Boost converter [4, 5] , the pseudo continuous conduction mode quadratic(PCCM) Boost converter is presented in this paper. Hence, modeling and control of the quadratic Boost converter in PCCM based on the fractional calculus have an important theoretical significance and practical applied value.
The rest of this paper is organized as follows: in Section 2, the four-order state-space averaging model of fractional-order quadratic Boost converter in PCCM is constructed. In section 3, the control strategy of the fractional-order quadratic Boost converter in PCCM is proposed. In section 4, the influence of the orders on the performance of the quadratic Boost converter in PCCM is analyzed and verified by numerical and circuit simulation. Simulation results demonstrate the effectiveness and robustness of the proposed control scheme. Finally, conclusions are drawn in Section 5.
Fractional Order Mathematical Model
For a fractional order inductor and a fractional order capacitor, they have
where f L is the inductance of the inductor and the order (0,1] ∈ α is related to the proximity effect [2] ; and f C is the capacitance of the capacitor related to the kind of dielectric and the order (0,1] ∈ β is related to the losses of the capacitor [3] .
The circuit schematic of the quadratic Boost converter in PCCM is shown in Fig.1 (a) and its main waveforms are shown in Fig.1 (b) . According to the principle of the quadratic Boost converter in PCCM and the relationship of fractional order inductor and fractional order capacitor, the fractional order state equations can be obtained as follows: 
According to the properties of the Caputo fractional calculus [2] and Eq. 2, the quiescent operation point can be obtained as follows:
(1 )
If the quadratic Boost converter can operate in CCM-PCCM, the following inequality should be satisfied
The above inequality can be derived as following form: 
Non-linear Controller for the Quadratic Boost Converter in PCCM Lyapunov-like Stability Theory of Fractional Order System
Theorem 1 [5] Consider the following fractional-order system:
(7) where X=(x 1 ,x 2 ,...,x n )T is the state variable, α=(α 1 ,α 2 ,… α n ) is the order of system, A(X) is the coefficient matrix. If there exists MT=M>0 such that
(8) then the system is asymptotically stable.
Design of Non-linear Controller
According to Eq. 2, define a baseline model of the system as 
Define the tracking errors of the state variables and duty ratios as e 1 = x 1 -x 1r , e 2 = x 2 -x 2r , e 3 = x 3 -x 3r , e 4 =x 4 -x 4r , d 1e =d 1 
where k 1 and k 2 are given positive constants. Hence, according to Eq.10 and Eq. 12, the controller of the fractional-order quadratic Boost converter in PCCM can be presented as 
Simulation Study
When other circuit parameters are given as:
. According to Eq. 6, the critical inductor curve of the CCM-PCCM region can be obtained, as Fig.2 shown. Therefore, to ensure the quadratic Boost converter operating in CCM-PCCM, the inductors are selected as L 1 = L 2 =2mH. As can be seen from Fig.3 , the critical inductance of inductor L 1 decreases with the order of inductor L 1 increasing, thus the CCM-PCCM region increases with the order of inductor L 1 increasing; the critical inductance of inductor L 2 decreases with the order of inductor L 2 increasing, thus the CCM-PCCM region increases with the order of inductor L 2 increasing. According to [6] , based on the chain fractance and Oustaloup's approximation, the approximate circuit models of the fractional order inductor and capacitor are established, as shown in Fig. 4 and 5. From the results shown in Fig.6 , it can be easy to observe that the dynamic performance of the CCM-PCCM quadratic Boost converter in fractional order model is better than that in integral order model. Fig.8 shows the closed-loop output response curves with the non-linear controller. In comparison with Fig.7 , it can be concluded that the fractional-order system dynamic response is improved and the ripples of output waveforms are reduced with the non-linear controller. The simulation results of the fractional-order system for a step change in input voltage from 24V to 36V at t=0.1s are shown in Fig.9 and the simulation results of the fractional-order system for a step change in load resistance from 50Ω to 75Ω at t=0.1s are shown in Fig.10 . As can be seen from Fig.9 and Fig.10 
Summary
In this paper, based on fractional calculus, the fractional order model of the quadratic Boost converter in PCCM is established and the steady state, dynamic properties of the fractional order model are analyzed and the non-controller for the fractional-order system is designed. The CCM-PCCM region is related to the orders of inductor L 1 and L 2 , and when other parameters are fixed, it increases with the order of inductor L 1 and L 2 increasing. The dynamic performance of the CCM-PCCM quadratic Boost converter in fractional order model is better than that in integral order model. Therefore, the fractional order model of the quadratic Boost converter in CCM-PCCM can describe its real dynamical behavior. And the perfect transient and tracking properties of the non-controller are demonstrated during large fluctuation of power supply and load disturbance. The research on the fractional order model of the converter will provide a reference for future applications of the fractional order devices in engineering.
